The erosion behaviors of aluminum alloy have been evaluated practically at different test conditions under ambient temperature. Irregular silica sand (SiO 2 ) is used as an erodent within the range of 300-600 mm. The impact velocity within 30-50 m/s, impact angle 15-90 , and stand-off distance 15-25 mm considered as related parameters. The maximum level of erosion is obtained at impact angle 15 which indicates the ductile manner of the tested alloy. The higher the impact velocity, the higher the erosion rate as almost linear fashion is observed. Mass loss of aluminum alloy reduces with the increase of stand-off distance. A dimensional analysis, erosion efficiency (Z) and relationship between friction and erosion indicate the prominent correlation. The test results are designated using Taguchi's concept to ensure the minimization of observations for clarification of results in alternative process. ANOVA data analysis is considered to signify the interaction of tested parameters as well as identifying most influencing operating parameter. S/N ratio indicates that there are 2.92% deviations estimated between predicted and experimental results. To elaborately analyze the results, GMDH method is mentioned. After erosion process of the tested composite, the damage propagation on the surfaces is examined using SEM for confirming wear mechanisms. The elemental composition of eroded test samples at varying percentage of aluminum is analyzed by energy dispersive X-ray spectroscopy analysis.
Introduction
Erosion is described as the progressive loss of original material from a solid surface due to mechanical interaction between the surfaces and impinge solid or liquid particle which may be a multi-component fluid or impinging solid or liquid particles also. Erosive damages of different materials in modern technological systems are very concerning issue for sustainability of the materials with these adverse conditions. In advanced engineering and industrial field, light weight of materials has several applications for minimizing the operating as well as initial investment cost. In different environmental conditions, wind turbine, blower fan blade, hydraulic turbine impellers, the moving components of ship, aircraft, train and automobile structure made by different metals and alloys experience the difficulty of impingement of solid particles in the form of erosion. Aluminum alloys can be used extensively in erosive wear environment for their simple manufacturing technique, suitability to design different systems and mechanisms, and also because of their low manufacturing cost. Concerning these facts, the aluminum alloy has been chosen as test samples to examine the erosion resistance at different operating conditions so that the exact nature of erosion can be identified.
The researches that have been done by different tribology research groups [1] [2] [3] [4] [5] [6] realized that erosive wear of materials related with the various factors such as impingement angle, impact velocity, particle size, particle shape, particle type, particle flux, temperature, nozzle geometry, type of materials, hardness of the materials, stand-off distance, test duration, roughness of the tested materials, etc. Among these factors, impingement angle and impact velocity have been recognized as two parameters that noticeably influence the erosion rates of different materials. 7 The erosive behavior of AISI 440C stainless steel and cermets has been conducted by researchers 8 who observed that both of the materials exhibited noticeable plasticity during impact conditions, but in the case of stainless steels it has been characterized to be more ductile in nature. The blending conditions of materials, temperature, pressure, and flow can create the erosive-corrosive wear especially for metal and alloys. 9 Rather than different mechanical properties and operating conditions, material hardness has a certain amount of role to propagate erosion damage throughout the metals and alloys. 10 The previous works 1-10 on metal and alloys varying with different operating and processing conditions as well as mechanical properties and varying percentage of material-combinations on erosion of materials cannot suggest any unique trends of the results. Therefore, the objective of this work is to investigate the erosive wear performance of aluminum under several test conditions to understand the possible nature of erosion. A theoretical model for estimation of erosion wear rate under multiple impact conditions and correlation of erosion rate with U. No and friction coefficient are developed. To analyze the obtained results in board concept, Taguchi, analysis of variance (ANOVA), erosion efficiency and group method data handling (GMDH) approaches have been discussed. The morphology of damage surface incorporating possible nature has been analyzed using scanning electronic microscopy (SEM). The elemental composition of different locations of eroding aluminum surfaces is obtained by energy dispersive X-ray (spectroscopy) (EDX) analysis.
Experimental details Materials properties, preparation and method of erosion measurement
The measured mechanical properties of tested of aluminum alloy (Aluminum 6063) are listed in Table 1 . Rectangle type specimens with a size of 50 mmÂ30 mmÂ5 mm were prepared by utilizing a diamond cutter from injection-molded plaques. Before the erosive wear tests, all specimens were cleaned with acetone. Great care was given to ensure clean surface before and after wear tests. The sand used in experiments is naturally occurring granular material combined with a finely shaped rock and mineral particles. The moisture of the sand particle was removed using electric oven. Sand as well dust particles on the test samples were cleaned after erosion test with air blasting and then balancing was done carefully.
Different grain sizes (300-355, 355-500, 500-600 microns) with irregular shaped (combination of rounded, slightly rounded and angular) dry quartz type silica sand (hardness: 42, 43.2, and 44 MPa, density 1436, 1440, and 1443 kg/m 3 ) of chemical composition SiO 2 were used as an erodent particle. Motor type vibration sieve machine (model: VSS-T, Vinsyst Technologist, ISO 900, India) with measuring range 97 mm to 4 mm was used to measure the particle size. The weight of the samples before and after the erosion process was measured by using precision digital electronic balance (model: SP404D, Sciencetech Inc, USA). Erosion rates were calculated from the differences of weight loss by considering unit of time
The flow pattern of abrasive particle is related to different factors such as type of erodent materials, chemical composition, hardness, density, particle shape, and particle size and impact resistance. During experiments, under lower impact velocity, the pattern of flow of the abrasive particle was realized almost similar to the laminar nature but with the increase of velocity laminar as well as turbulent combination of flow pattern was observed. But the changing of impact angles may have some role for characterizing the flow of abrasive particle. In fact there were different modes of effect of flowing abrasive under different operating conditions. In this context, elastic/plastic deformation by sliding-rubbing grain movement; elastic/plastic deformation by rolling grain movement; chip formation (micro-cutting) by rubbing grain movement; ridges formation by rubbing and rolling grain movement; and low-cycle fatigue wear were identified. To ensure the exact abrasive flow, more researches can be conducted in future study in relevant to experimental and analytical point of view.
Test apparatus
Sand blast erosive wear experimental device ( Figure 1 ) was designed and fabricated for erosion test of aluminum alloy. Sand comes out through the nozzle by the effect of high pressure of compressed air at a higher velocity and strike on the test sample at different impact angles. At the time of designing the number of observations, 95% confidence level within 2% accuracy was considered. In this context, each experiment are repeated more than five times at identical conditions. Each experiment was conducted for 30 min.
Particles velocity measuring method
Double disc method has been used to calculate the impingement velocity of solid particle using equation (2). The mechanism followed for estimating the particle velocity indicated as a block diagram ( Figure 2 ). Table 2 .
Signal-to noise ratio
Taguchi method describes the mathematical model for reducing the consuming of experimental period and testing expenditure for considering the parametric optimization in connection of estimating stable level of erosion rate under reasonable factors. Detailed explanation and clarification of controllable experiments for identifying the ideal considerations, DOE (design of experiment) in such a case is a very effective analyzing process. Choosing of control and fixed parameters is the significance of DOE.
Here, considerable amount of factors are incorporated for recognizing the less important variables as early as possible. In previous studies, erosion of the metal alloy is mostly dependent on the impingement velocity; in Table 3 , controlling and constant factors are listed. Considering the L27 (4 3 ) orthogonal array design concept, the significance of four variable factors at four different stages are designated.
The first column indicates the variable parameters and corresponding raw shows the experimental conditions which are expressed in Table 4 as a blending of parameter levels. Four variable factors distinctly at four stages may consider 4 3 ¼ 64 runs in a full factorial experiment. On the other hand, Taguchi's factorial technique minimizes it to 27 runs providing better perception of results.
The numbers of test are characterized as an S/N (signal-to noise) ratio. Relating to the type of characteristics, various ratios exist. The analysis is based on the concept of smaller is better characteristic.
Using this approach, this needs to be determined as logarithmic formulation of the loss function as mentioned under the following manner. In case of less is the improved quality characteristic, this can be estimated by the formula described below
where n is number of observations and y is the observed data. ''Less is the improved characteristic,'' concerning the mentioned S/N ratio transformation, is suitable for lowering the erosion rate. The design of the experimental data is listed in Table 5 where the second, third, fourth, and fifth columns are designated as impact velocity (1A), impingement angle (2B), 
Results and discussion

Influence of impact velocity
In the erosion process, impingement velocity is an influencing parameter for sustainability of material life. The test conditions are randomly shaped silica sand of dimensions 300-355, 355-500 and 500-600 mm, stand-off distance 15 mm and impingement angles 15, 30 and 60 at ambient temperature. Under these test environments, erosion rates specify the almost gradually increasing trend with the raise of impingement velocity ranging from 30 to 50 m/s for tested aluminum alloy ( Figure 3 ). In fact, particles occupy tremendous impact of kinetic energy at large velocity causing higher level of impacting effect and results in greater amount of erosion rate. In addition to that with increased velocity, the duration between impacts is reduced and energy of the particle is increased which causes higher level of mass loss. 13 At 60 impacting angular adjustment of test sample, the kinetic energy 2052, 2793, 3648, 4617 and 5700 kgm/ is estimated for impacting the velocities at 30, 35, 40, 45 and 50 m/s, respectively. The propagation of temperature variations are extended within the sample surface with increasing velocity level. But, in reality, due the effect of some air cooling during impacting particle by the compressor pressure, the increase of temperature is not very significant. The similar tendency in results between impingement velocity and erosion rate are concluded by Nguyen et al., 14 Jha et al. 15 and ElTobgy et al. 16 The extended thermal characteristics have been observed with high intensified velocities. The temperature above the ambient temperature level elevated from 8 to 19 for the velocity enhancement in the range of 30-50 m/. The raise of temperature in actual point of view may be signified as a small amount due to the quick displacement of silica sand from the position as well as some cooling effect due to the compressed air pressure. The least-squares fit concerning the actual data level was designated applying the concept of the power law. In accordance of this perception, erodent particle velocities of 30 m/s, 40 m/s and 50 m/s at impingement angles 15 , 30 , and 60 are taken in to consideration for these purposes.
The relationship between the stable erosive wear rate (E) and impingement velocity is stated as a simple power function formulated in the mentioned concept
In the above formulation, the velocity exponent n, the proportionality constant, k, involves the influence of rest of the concerning parameters. The influence of impact velocity on erosion rate of metals and alloys has been investigated to a limited extent. The velocity exponent (n) in general varies from 2 to 3 and 3 to 5 which indicates that the materials are ductile and brittle in nature, respectively, 17 The other mechanical properties (hardness, ultimate tensile strength, modulus of elasticity, fracture toughness, yield stress, yield strain and rebound resilience, etc.) can be correlated with this designing and characterizing concept. The fitting parameters are listed in Table 6 and as an example the criteria of fitting calculation is expressed in Figures 4-6 using GRAPHWIN software. Using the experimental data, the calculated velocity exponents are obtained in the range of 0.89-0.99 for multidirectional gear fiber composite at an impingement angle of 60 . This means that the finding of velocity exponents are almost closer to the exponents range mentioned by the different researchers for conformity of ductile behavior of tested material. In fact, the interesting observation in this study is that, in spite of that the standard range for ductile material is within 2-3, it has been found from the experimental data that this velocity exponent range is true for only certain lower velocities and lower particle size. But at higher impact velocities, the velocity exponent is higher than that of the standard range. In this context, it can be realized that velocity exponent range varies with impact velocity and particle size. In case of coefficient of determination, the relationship quality between erosion rate and impact velocity for exponential parameter is found to be stronger (94-99%) for test samples.
Influence of impingement angle
In order to study the effect of impingement angle on erosion rate, erosion tests were performed by varying the impact velocity from 30 to 50 m/s at impingement angles of 15 to 90 for different particle sizes. These results are presented in Figures 7-9 which show the influence of impingement angle on the erosion rate of aluminum alloy at different impact velocities and particle sizes. It can be seen that erosion rate is maximum at 15 impingement angle for aluminum alloy at different impact velocities and particle sizes studied. The erosion rate in this study gradually decreases up to 45 impact angle but starts increasing from 45 to 90 impact angle at an impact velocity 50 m/s. That is, the second peak occurs at 90 impact angle. The increased erosion at 90 is characteristic of brittle materials where the peak erosion occurs at normal incidence. At lower velocities, there is only a slightly variation of erosion rate ranging from 45 to 90 . That is, less brittleness characteristics has been occurred as compared to higher velocity (50 m/s). The trends of the results are almost similar to the results available in the literature. 18, 19 It is known that impingement angle is one of the most important parameters for the erosion behavior of materials. In the erosion literature, materials are broadly classified as ductile or brittle, based on the dependence of their erosion rate on impingement angle. The behavior of ductile materials is characterized by maximum erosion rate at low impingement angles (15 -30 ) . Brittle materials, on the other hand, show maximum erosion under normal impingement angle (90 ). Some materials have been shown, however, to exhibit a semi-ductile behavior with maximum erosion occurring in the angular range 45-60 . [20] [21] [22] However, the above classification is not absolute as the erosion behavior of metals and alloys but in reality it strongly depends upon the experimental conditions, and mechanical and chemical properties of target materials. In the literature, there are no fixed trends of correlating ductility or brittleness of materials with max or min . It is found that some target materials are characterized in a ductile manner; on the other hand, some show evidence of both ductile and brittle characteristics. 7, 21, 23, 24 Non-ferrous materials generally exhibit a more ductile response than ferrous materials. 25 The complexity of identifying the nature of alloys and metals as ductile, semi-ductile or brittle behavior makes it challenges for the researchers to summarize unique conclusion. For example, Pool et al. 26 reported that the maximum erosion rate occurred at normal incidence for the copperbased alloy and cast iron which ensured the brittle type erosion behavior. Thus, though the use of terms such as failure by 'ductile', 'semi-ductile' and 'brittle' mechanisms is frequent and useful in understanding erosion of materials, it is not strictly true in all cases.
Generally, ductile characteristics is more sensitive to abrasive particles, and the maximum erosion lies in the range of 15-30 as a result of micro cutting, microploughing, and other damage accumulation processes. For brittle materials, mechanisms such as plastic deformation and micro cracking are responsible for erosion rate for that property. Depending on the impingement angle, cutting wear is dominant at acute angles while deformation wear is dominant at high impingement angles. 27, 28 It has been well accepted that maximum erosion for ductile material occurs at low angles between 15 and 30 where cutting mechanism dominates, while lower erosion rates are seen for high impingement angles where deformation wear occurs. The reverse is true for brittle material.
Significance of particle size on erosion
Particle size has considerable effect on erosion of aluminum alloy under various impact velocities for 15, 30 and 60 impingement angles ( Figures 10-12 ). These figures indicate that the erosion rate of tested material has increasing trend of erosive wear loss with erodent size. In earlier literature, it was realized that researches have been contributed by the scientists emphasizing the actual and analytical effects of erodent size in considering solid particle erosion of metals, alloys, polymer and composites. In most cases, erosive loss is increased with the increase of erodent size which have been confirmed and justified in previous studies. 29À33 Sundararajan and Roy, 34 Mondal et al., 35 Dundar and Inal, 36 and Lynn et al. 37 who performed erosion experiments using a wide range of particle sizes, observed that the lower degree of collision efficiency of the particles are the fact for reducing erosive wear with lower erodent size. 2  3  1  1  3  3  4  1  2  1  2  5  1  2  2  3  6  1  2  3  1  7  1  3  1  3  8  1  3  2  1  9  1  3  3  2  10  2  1  1  2  11  2  1  2  3  12  2  1  3  1  13  2  2  1  3  14  2  2  2  1  15  2  2  3  2  16  2  3  1  1  17  2  3  2  2  18  2  3  3  3  19  3  1  1  3  20  3  1  2  1  21  3  1  3  2  22  3  2  1  1  23  3  2  2  2  24  3  2  3  3  25  3  3  1  2  26  3  3  2  3  27  3  3  3 1 According to their realization, they defined collision efficiency, n as a ratio of the number of particles striking a unit area of the surface in unit time to the sum of particles incorporated within the volume of suspension swept by that area per unit time. 37, 38 The larger particles size experiences retardation just earlier of impacting condition due to the over inertial phenomena. Therefore, their collision efficiency will be close to unity. 26 On the other hand, smaller particles would be more susceptible to retardation before impact. Hence, their collision efficiency and kinetic energy dissipated after impact will be lower, causing a decrease in the erosion rate. Many have reported that a higher erosion rate results when using a larger particle size, due to the higher energy transfer during the impact from particle to target material. The increased erosive wear and erodent size is associated with the causes mentioned below: (i) in the first case, the enlargement of particle size, momentarily as well as turbulent effect ensuring the greater amount of particle striking force on the tested samples as a matter of propagation of indentation damage on the eroded surfaces under repeated action within a short period of time and (ii) in another cases, the continuing sticking of abrasive element of expanded size may continuously deteriorate the subsurface lying underneath in such a case damage indented surface of the target material initiating the fatigue-induced mass loss of surfaces. In board sense, the causes of particle momentarily action, indentation efficiency and fatigue initiated mechanisms are the significant influencing issues for increasing erosion with particle size. 34 In addition to that, there were some other contradictory conclusions relevant to the relation between particle size and erosion. In this point of view, some of the results in the practical test conditions show that erosion of some materials has no remarkable effect on increase or decrease of particle size. In the literature, understanding the optimum level of particle size, interesting results were realized. That is, in these findings, the erosion of materials is measured at a higher level up to a certain level of abrasive particle size but after a certain higher level of erodent size, lower amounts of erosive wear were recorded. The interplay of momentum of the erodent, indentation efficiency, and fatigue assisted erosive wear modes have also been reported by several other researchers. 38 Influence of stand-off distance
Experimental investigations are carried out to observe the effects of distance between nozzle and target material on erosion rate of aluminum alloy under impact angle of 30 and impact velocity of 40 m/s for different particle sizes. Figure 13 shows the variation of erosion rate with the variation of distance between nozzle and target material for material investigated. It can be realized that erosion rate decreases with the increase in distance between nozzle and target material for the conditioned mentioned in these figures. This is due to the fact that with the increase of distance between nozzle and target material, the kinetic energy of the sand particle may reduce. In addition to that, when the distance between nozzle and target material are relatively nearer to each other, the particle may strike on the small area of the test sample with high concentration of particle flux, but in case of larger distance, the particle may strike on a large area of test sample with low concentration of particle flux. The eroded impact areas of stand-off distance 15, 17.5, 20, 22.5 and 25 mm are measured to be approximately 63.24, 113.12, 141.47, 171.37 and 237.25 mm 2 , respectively, which justifies the explanation of the result trends. In future study, concentration of particle flux with stand-off distance can be measured to provide the clear evidence of explanation.
Dimensional analysis
Let
where E R is erosion rate (MT À1 ), V is impact velocity (LT À1 ), f is sand flow rate (MT À1 ), P is particle size (L), and D is stand-off distance (L).
In such a case, k can be considered as a dimensional constant, and in this context function (5) can be expressed as follows
Replacing the symbols of functional parameter concerning the units of every factor, equation (6) changes as
In realizing the dimensional homogeneity of equation (6), equating the powers of M, L and T and can be stated as
Therefore
where ''d'' and ''K'' can be identified as arbitrary constants.
The dimensional parameter D/P mentioned in equation (11) is designated as ''Uttam Number'' and can be expressed in brief as U. No.
The relation is developed between erosive wear (E R ) and U. No. for aluminum alloy. Figure 15 shows the plot of erosion rate (E R ) versus U. No. for aluminum under an impact velocity of 50 m/s and impingement angle of 30 .
The curves of the figures show that erosion rate decreases linearly with the increase of U. No. and is represented by the following equation Figure 13 . Erosion rate with different stand-off distance at different particle size (impingement angle: 30 , impact velocity: 40 m/s).
correlation are originated using ORIGIN Software. Solid lines showed in the figure indicate the trend line. The coefficient of correlation (r) is calculated to obtain À0.69485 for aluminum alloy. As a subjective measure of relationship between experimental data with trend line, the mentioned coefficient of correlation signifies that there are moderate negative relationships between erosion rate and Uttam Number. In this perception, it can be summarized that the actual data figure ensures acceptable recognition with the theoretical model. The different models or correlations [39] [40] [41] [42] [43] [44] proposed by the authors are listed in Table 7 . Considering the complex and rigorous mathematical formulation of previous models, simple correlation between the erosion rates with U. No. is derived using dimensional analysis. In the earlier models, mechanical properties are highlighted more in place of operating conditions. The new theme of this formulation indicates the relationship among the erosion rate with stand-off distance and particle size.
Erosion efficiency
The researchers 45 have established a formula for measuring Erosion efficiency () mentioned in equation (12) where Er is stable level of erosive wear, HV is Vickers hardness of impacting element, v is impingement velocity and r is the density of silica sand. Detachment of superficial layer in ideally micro ploughing effect on crater has been realized without initiation of fracture (indicates non erosive nature), and it signifies zero erosion efficiency. That is, ideally micro-cutting conditions are assumed to be unity. When erosive wear is most likely as a lip and simultaneously the initiation of fracturing characteristics, can be considered at the level of 0-1. Accordingly for the brittle material, when the erosive wear has been found due to material spelling as well as removal of higher level of chunks (due to inter connection either lateral or radial cracking facts), in this case can be assumed as larger than 100%.
The hardness alone is unable to provide sufficient correlation with erosion rate, largely because it determines only the volume displaced by each impact and not really the volume of particle. Thus, a parameter which will reflect the efficiency with which the volume that is displaced is removed should be combined with hardness to obtain a better correlation. The erosion efficiency is obviously one such parameter. This thought has already been reflected in the theoretical model, but the evaluation of erosion efficiency can be made only on the basis of experimental data. Hence, the values of erosion efficiencies of these alloy calculated using equation (6) is summarized in Table 8 along with their hardness values and operating conditions. The hardness values (H v ) and density (r) are 42, 43.2, and 44 MPa and 1436, 1440, and 1443 kg/m 3 of particle sizes 300-355, 355-500, and 500-600, respectively. It clearly shows that the erosion efficiency is not exclusively a material property, but also depends on other operational variables such as impingement angle and impact velocity. The erosion efficiencies of aluminum alloy under normal impact (Z normal) vary from 3.862 to 31.309%, 4.141-53.184% and 11.585-59.728% for impact velocities 50, 40, and 30 m/s, respectively. The value of Z for a particular impact velocity under oblique impact can be obtained simply by multiplying a factor 1/sin 2 a with Z normal. Similar observation on velocity dependence of erosion efficiency has previously been reported by Arjula et al. 46 The magnitude of Z can be used to characterize the nature and mechanism of erosion. For example, ideal micro ploughing involving just the displacement of the material from the crater without any fracture (and hence no erosion) will result in Z¼0. In contrast, if the material removal is by ideal micro-cutting, Z¼1.0 or 100%. If erosion occurs by lip or platelet formation and their fracture by repeated impact, as is usually the case in the case of ductile materials, the magnitude of Z will be very low, i.e. Z4100%. In the case of brittle materials, erosion occurs usually by sapling and removal of large chunks of materials resulting from the interlinking of lateral or radial cracks and thus Z can be expected to be even greater than 100%. 47 According to the categorization made by this author, the erosion efficiencies of the composites under the present study indicate that at low impact speed, the erosion response is semiductile (Z¼10-100%). On the other hand, at relatively higher impact velocity, it exhibits ductile (Z<10%) erosion behavior.
Effect of friction coefficient
During the experiments, it has been realized that at the time of contacting high velocity solid particle on the tested materials, the impact velocity is assumed to have generated in parallel and normal components ( Figure 15 ). In fact, in this case, impacting of solid particle on the target material may cause some motion, and on the other hand, some resistance has been assumed to be created due to some mechanical properties (such as hardness, tensile strength, etc.) of target material. Considering this approach, friction coefficient was calculated in relation to angle under Figure 15 . Impact velocity in parallel and normal directions.
theoretical ground. Applying force analysis, keeping in mind the frictional force (F) and tangential force (R), the friction coefficient can be calculated by the following ways
where horizontal force F X ¼ 1 2 mv 2 , and Siny and vertical force are equal to the reaction force
We know that the frictional force F¼mR or ¼ F R or ¼ tan:
Friction coefficients calculated from the above equation and their corresponding erosion rate at 15-75 impact angles and impact velocity of 50 m/s are listed in Table 9 . 
Steady state erosion aluminum alloy
In Table 10 , the first, second, third, fourth, fifth and sixth column represents impact velocity, impingement angle, particle size, stand-off distance, erosive wear, and S/N ratio, respectively. S/N ratio in context of erosive wear rate definitely indicates the arithmetic mean of two replications. Considering all S/N ratio of the erosive wear rate, the average level of the entire mentioned S/N ratio is calculated as -60.263 dB. Figure 19 appears as the graphical presentation of main effect plot of S/N ratio emphasizing the consequence of the four varying parameters on erosive wear rate. MINITAB 15software basically applicable for designing of experimental applicability is employed to analyze the results. This uncomplicated model is needed to predict the performance measurement, and in relation to that the probable interrelations among the variable parameters are identified. Under this perception, factorial reflection integration in an easier manner demonstrates the interaction effects. Analysis of the test outcomes is used to make interpretation among the factor combination of A1, B3, C1, and D3, which contributes to evaluate the least amount of erosive wear rate. Thus, factorial design incorporates a simple means of testing for the presence of the interaction effects. Analysis of the result leads to the conclusion that factor combination of A1, B3, C1 and D3 gives minimum erosion rate. The interaction graphs are shown in Figure 20 Figure 20 (c) has less effect on erosion rate and then can be neglected for further study. Similar result has been obtained in Figure 20 (d) to (f). Figure 21 (a) to (c) is a combination contour plot of erosion rate with impact velocity and impingement angle. It is clearly shown that increased trends of erosion rate with increased impact velocity at impact angle 15 because of maximum particle energy transfer to the tested sample surface and less amount of deformation occurs in the eroded surfaces. Maximum micro cutting and ploughing action has occurred at 15 impingement angle. Figure 21 (d) to (f) shows that 3D relation factor of erosion rate versus impact velocity, impact angle and stand-off distance. High amount of materials are transferred from the tested surface material because of application of velocity on the surface at impact velocity 46-48 m/s within the distance of 22-24 mm. Erodent size is an important factor of the solid particle erosion rate. Main Effects Plot(data means) for SN Figure 19 . Effect of control factors on erosion rate of aluminum alloy.
ANOVA and the effects of factors of aluminum alloy
Analysis of variance chart is a decision-making methodology for exact confirmation of imagining the significance of effecting level of factors considered. In addition, ANOVA is an analyzing tool to select the order of more meaningful factors. Table 11 signifies the analysis of ANOVA to realize the contribution of factors on erosive wear rate. In this case, confidence of significance 5 % was considered. The p-values mentioned in the table emphasize that the main effects are considerably at a high level of significance (since impingement velocity, impingement angle, stand-off distance and erodent size is characterized by almost zero level of pvalues). From this table, it is observed that impingement velocity (p ¼ 0.000), impingement angle (p ¼ 0.000), erodent size (p ¼ 0.001) and, stand-off distance (p ¼ 0.000) ensure prominent level of effect on erosion rate. In case of comparative analysis of interaction of different alternative factors, A*C ¼ interaction with in impingement velocity Â erodent size (p ¼ 0.137) has less number of p-values as compared to other two combinations. The lower the p-values, the higher the significance of contribution on the erosion rate justified. According to this perception, the factor interaction A * B ¼ velocity of impact Â angle of impingement (p ¼ 0.171) implies lesser significance of contribution on erosive wear rate in comparison of factor interaction B * C ¼ angle of impingement Â erodent size (p¼0.207). 
Morphology of eroded surfaces SEM analysis
Surface morphology at different impingement angle. Then analysis of surface morphology of aluminum alloy was examined by using JEOL JSM 7600F Scanning Electron Microscope (country of origin Japan). SEM micrographs of eroded surfaces of aluminum alloy are shown in Figure 22 (a) to (f). Figure 26 (a) and (b) specifies that aluminum alloy-eroded surface at 15 impact angle is worn by the mechanism of microploughing, grooves, displaced material and large fragments. Extensive ploughing and the resulting lip formation are evident in the micrograph for 15 impingement angle. The direction of ploughing in surface morphologies coincides with the direction of particle motion during sandblasting; this is the angle where the higher amount of erosion has been noted under all test conditions. Materials which show ductile erosion behavior can be easily worn off by microploughing erosion mechanisms caused by the lateral impact of the particles. In Figure 22 (c) and (d) at 30 impingement angle, pitting action and craters have occurred as a result lower erosion rate of the all tested materials. On the other hand, at 60 impingement angle plastic deformation, craters and micro cutting action have occurred which are shown in Figure 22 (e) and (f). The reduction in mass loss at higher impact angles near or at 90 at velocity lower than 50 m/s is because there was not too much evidence of sliding action of abrasive particles unlike lower impact angles where the sliding component is significant and increases the mass lost in the material. But the reverse is true in few cases for high impact velocity 50 m/s due to the quick impacting at short contact time between particle and target surface.
Surface morphology with different impact velocity. Surface morphology at different impact velocity has been presented in Figure 23 (a) to (d) for analyzing the wear mechanism. Figure 23 (a, b) under impact velocity 30 m/s was emphasized the lower erosion rate due to displaced material and putting action. This is because of the low particle energy. Figure 23 (c) and (d) shows that the damage has been occurred on the target surface at impact velocity of 40 m/s. In this case, the damage has been done by the influence of craters, pitting action. At higher impact velocity (50 m/s)due to the effect of crack and ploughing action, a higher level of erosion is obtained as a result of high particle energy (Figure 23 (e) and (f)).
Surface morphology at different stand off distance. The surface morphology of eroded surfaces of tested aluminum alloy was analyzed in relation to stand-off distance. Figure 24 Analysis of erosion with different percentage of aluminum at different impact angles using energy-dispersed X-ray spectrograph
The analysis of energy-dispersed X-ray spectrograph (EDX) of aluminum alloy was examined by using JEOL JSM 7600F Scanning Electron Microscope (Japan). In this method, an electron beam of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] KeV which strikes at the tested surface causes X-ray to be emitted from the point of incidence. The emission energy of X-ray depends on the types of materials under observation, that is the use of X-ray energy emission shows distinct nature depending on soft to hard materials and thus it gives the unavoidable signature in case of some kinds of materials. When an X-ray strikes the detector, it will generate a photoelectron which in turn generates electron-hole pairs. A strong electric field attracts the electrons and holes towards the opposite ends of the detector. The size of the pulse thus generated depends on the number electron hole pairs created, which in turn depends on the energy of the incoming X-ray. In this method, however, elements with low atomic number are difficult to be detected. The detector which is lithium-doped silicon (SiLi) is protected by a beryllium window and operated at liquid nitrogen temperatures. The EDX analysis shows the percentages of embedded silica are increased with the decrease of percentage of aluminum for all tested angles. The significance of these observations is that the higher the aluminum composition, the lower the silica engagement within the target surfaces which causes lower erosion rate. The depth at which the particle has been embedded into the material was very small from the upper surface. Just beneath the lip, the particle embedded into the material has been observed by other researchers as well. 17 It was assumed that the amount of fragmentation and secondary erosion would be dependent on the particle velocity, impingement angle, particle size, stand-off distance, and different in hardness between the particle and target material.
The existence of the O and Si atoms in high percentage was the evidence of the embedded erodent garnet particles to the surface of the samples. Based upon the EDX analysis results, it was concluded that the erodent particles were embedded on the surfaces of the aluminum alloy during the erosion process. It was concluded that this can be possible because of the ductile behavior of the aluminum alloy.
Confirmation experiment for aluminum alloy
The End level of Taguchi approach is the validation of experimental observations for analyzing the quality characteristics. The validity of test results is ensured by concerning an arbitrary set of factor level combination and after that it has been compared with the test results. The measured S/N ratio for wear rates are estimated in connection with the predictive equations
Folded extruded lip where 1 is the predicted average; T is overall experimental average; A 3 , B 2 , C 3 and D 2 are the mean response for factors at designated levels.
By combining like-terms, the equation reduces to
A new combination of factor levels A2, B2, C1, and D2 is used to predict deposition rate through prediction equation and it is found to be. 1 ¼ À62.704. By taking in concern of each performance measure, an experiment was done for a different factor combination and in this context a comparison is made with the result calculated from the predictive equation in the following manner as shown in Table 12 . The new generated model is very meaningful for the prediction of erosive wear rate to a justifiable accuracy. Calculated deviations of about 2.92% (error level) are obtained between the predicted and experimental results for erosion of aluminum alloy. After all, the accuracy level can be improved more precisely in case of increase in the number of measurements. This validation approach incorporates the generation of the mathematical model for the prediction of measures of performance on the basis of knowledge of the input parameters. 
Factor settings for minimum erosion rate
In the present study, an attempt is made to derive optimal settings of the control factors for minimization of erosion rate. The single-objective optimization requires quantitative determination of the relationship between erosion rates with combination of control factors. In order to express erosion rates in terms of the mathematical model, the following equation is suggested 
The correctness of the calculated constants is confirmed as high correlation coefficients (r 2 ) to the tune of 0.994 obtained from equation (15) and, therefore, the models are quite suitable to use for further analysis.
Conclusions
The erosion results of aluminum alloy have provided some new findings with relevant to different operating parameters. The validation of results and correlation of erosion with friction, Uttam number, ANOVA, erosion efficiency, S/N ratio methodology, and GMDH concept has made the realization of novelty of the erosion study of this aluminum alloy. The morphological analysis provides the evidence of real wear mechanism incorporating displaced materials, grooves, ploughing action, large fragment, pitting action, indentations, crack, folded extruded lip, wear debris, and other related concerning issues for the eroded surface characterization under different impact angles, impact velocity, and stand-off distance.
The EDX analysis shows that the percentages of embedded silica are increased with the decrease of percentage of aluminum for all tested angles. The significance of these observations is that the higher the aluminum composition, the lower the silica engagement within the target surfaces which causes lower erosion rate. Erosion rate is maximum at 15 impingement angle for aluminum alloy at different impact velocities and particle size. At an impact angle of 15 , the erosion rates are high, and then decreases gradually up to the impingement angle of 45 . After that the erosion rate increases ranging from 45 to 90 , in general, for all tested samples. The experimental results also show that erosion rates are slightly higher at 60 impingement angle in most cases as compared to 45 , 75 and 90 impingement angle. The confirmation of ductile category has been ensured by identifying the highest erosion damage at an angle of 15 . The increase of erosion in such a fashion with impact velocity and probable kinetic energy level and temperature propagation through the area of tested surface has some exceptional characteristics of the aluminum alloy. The power law conception-based approach ensures the validity of tested aluminum alloy group by confirming the value of exponent 'n' within the range 0.89-0.98 and the range mostly depends on the impact velocity and particle size rather than impact angle. The correlation of erosion rate with U. No. and the relationship between erosion rate and friction factor provides a fairly good agreement. This correlation can be used as a significant tool for future study. The erodent size and standoff distance provide new insight of relation of these parameters with erosion rate under clarification of possible trends. The average S/N ratio -62.704 dB and Taguchi design concept ensure the validation of experimental and theoretical results. The predicted and experimental S/N ratio are fluctuated within the range 2.92% and predicted and tested model generated by GMDH and 3D explanations are the promising understanding of this newly tested aluminum alloy. ANOVA method ensures the identity of main dominating factors distinctly or as an interaction on erosion of the tested aluminum alloy. It is expected that the analysis of this new or novel concern relating to aluminum alloy can be used as an authentic source in industry and future researches for the applications of this material in different concerned mechanical and tribological systems.
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